For estimating remaining fatigue life of RC bridge decks subjected to traveling wheel-type loads, presented is the data assimilation procedure, i.e., coupled life-span simulation with inspection data at site. Multi-scale analysis with hygro-mechanistic models is used for the platform of data assimilation on which the visual inspection of cracking on the members' surfaces and the acoustic emission (AE) tomography are numerically integrated. For verification, the wheel running load experiments of slabs were conducted with continuous data acquisition of both crack patterns and the acoustic emission data over the life till failure. Visually inspected cracks are converted to space-averaged strains, based on which the internal strains and damage fields are re-produced by numerical predictor-corrector cycles. The 3D field of elastic wave identified by AE tomography is also converted to the fracture parameter of concrete. Although no information on cracking is available, the proposed assimilation method successfully reproduces most probable internal cracks over the volume of analysis domains, and the remaining life of the deck slabs inspected was successfully estimated.
Introduction
Bridge decks which directly sustain heavy traffics, especially aged ones constructed in urban areas, are usually at risk of failure. When some damages would take place in traffic networks as shown in Fig. 1 (lattice cracks developing over the bottom faces of RC decks), it is not easy to mechanically and financially repair them without troubling daily traffics. Especially in Japan, the thickness of old RC bridge decks was designed of extremely small thickness so as to reduce the top heavy mass for the requirement of seismic resistance. Then, maintenance of RC bridge decks has been a primary concern and a challenge of engineering.
Traffic management entities are expected to establish both technical and financial plans to sustain their social-urban function. Herein, the current states of bridges and their future figures with and without repair works must be the basis of asset management. Recently, the capability of the multi-scale (MS) analysis has been extended to the fatigue life simulation (Maekawa et al. 2003 . Thus, when we may know initial conditions at construction and past external actions including traffic loads and ambient states like the case in laboratory, it might be possible to predict the life with necessary and sufficient accuracy. However, this is not the case of real bridge management due to extreme lack of information. It is practically hard to simulate the behaviors from the beginning of the service to the end of life through the current status.
To overcome this difficulty, the authors have been seeking for so called data assimilation technology to use site inspection data as a current mechanical status of existing decks for simulating their future. In the geotechnical engineering field, the observational method (Peck 1969 ) has been applied especially in tunnel construction. They always update supporting pattern by observing the appearance of tunnel face. Similarly, site observation data related to structural damages must be worthy of updating the maintenance plan. In this research, the authors propose data assimilation for estimating the remaining life by coupling non-destructive testing techniques with MS analysis based on hygro-mechanistic model (Maekawa et al. 2003 . The key factor is how to convert the non-destructive testing data to the path-dependent internal variables of constitutive modeling of structural concrete allowing cracking in 3D extent. As site inspection data reflects just few aspects of current structures in general, data assimilation is expected to re-produce the most probable internal states based upon the firm background of chemo-mechanics. For developing data assimilation in this study, the authors will use the general predictor-corrector iterative routine (Zienkiewicz et al. 2014; Ghaboussi et al. 2006) , which has been applied for nonlinear equilibrium solutions. odical inspection data of real bridges would be fully available for the whole life, the series of data must be useful for verifying its reliability of remaining life assessment. However, past ambient states and traffics to individual bridge have been rarely recorded and the initial quality of constructed concrete on which the scientific discussion can be based is generally unknown nor unrecorded in practice. One of the ways for verifying the life assessment method is to apply for statistical analysis of massive big data of maintenance (Yamazaki and Ishida 2015) . The other way is to fully follow up the mechanical and chemical states of a specific target on which the scientific view is specifically focused. First of all, the authors adopt the latter approach to build the firm mechanistic background of the data assimilation. In future, we will confirm the proposed method in use of the former statistical approach to handle massive amount of infrastructures.
Test program
RC slab specimen was examined by the wheel-type moving load machine as shown in Fig. 2 . During the loading, non-destructive tests (NDT) were conducted to detect the degree of structural concrete deterioration at periodical interval of times. In this study, acoustic emission (AE) tomography (Kobayashi et al. 2014 ) and the pseudo-cracking method (Fujiyama et al. 2013 ) are challenged to be combined with MS analysis for future performance assessment of RC slabs. For verifying the data assimilation's applicability, the sequential variation of damages of constituent materials and corresponding macroscopic structural performances are crucial.
One of the advantages of AE tomography is that the whole volume of targeted structural members can be inspected, but the inspected elastic wave velocity does not directly represent the crack states of orientation and magnitude. Here, the conversion method from AE tomography to concrete cracking states is of great importance. The pseudo-cracking method brings about the most straightforward data conversion of strains, but the 3D interpolation is required by data assimilation method. Both inspection techniques have their strong but different merits in practice.
Referential specimen for verification
Dimensions of the RC slab specimen are 3,000 mm length, 2,000 mm width and 160 mm thickness as shown in Fig. 3 . Double layer deformed bar arrangement is applied with 30 mm of cover depth. SD 295A type of D16 and D13 deformed reinforcing bars are arranged in both longitudinal and transverse directions, respectively. Spacing of reinforcing bars in the lower layer are 150 mm and 125 mm in each direction. Spacing of the bars in the upper layer is double of its lower one. Table 1 shows the mix proportion of concrete. Used materials are ordinal Portland cement, crushed sand and gravels and the water reducing admixture agent. The specimen was cured for 7 days in wet condition. Afterwards, the specimen was exposed to dry air till loading (133 days after casting). The compressive strength and the elastic modulus came up to 20.7 N/mm 2 and 21.7 kN/mm 2 at the loading experiment. 
Loading program
The steel wheel whose width is 400 mm is set up at the span center. Traveling distance of the steel wheel is 2,000 mm as shown in Fig. 2b . The initial wheel load was set as 98 kN which coincides with the allowable wheel load specified in the Japanese specification for road bridges (Japan Road Association 2012). In order to accelerate the loading experiment, the magnitude of the load was increased step by step (Fig. 4) , and their traveling cycles were converted to equivalent cycles with regard to 98kN load-level by using Miner's law (Matsui 1996; Hiratsuka et al. 2016; Hashin 1979; Fatemi and Yang 1998; RILEM committee 36-RDL 1984) as,
where, N eq is an equivalent traveling cycle, P 0 is the base referential load (98kN), n i is the traveling cycles with load P i , and m is the inverse of the gradient of S-N curve (=12.76). The live load deflection, i.e., incremental one related to the applied load and equivalent to overall damages (Tepfers et al. 1984) , was periodically measured with 98 kN of the point load at the span center of the specimen. Total displacement was not continuously measured in this experiment, but checked periodically in order to avoid the fatigue failure of the displacement transducers and other measuring devices. Figure 5 shows the live-load deflection curve with regard to the equivalent traveling cycles (Tanaka et al. 2017) . The live load deflection unceasingly increased in accordance with the loading cycles. Cyclic punching shear failure occurred at 254 thousands cycles (38.7 million equivalent cycles). This test result fairly coincides with the past experiments with high reproducibility. Thus, this data is judged to be eligible for examining the data assimilation method to be explained in later sections. Figure 6 shows the crack patterns observed on the lower surface. Flexural cracks were induced at the very beginning of loads. Number of cracks gradually developed with increase in the wheel load passages. Radial cracks were formed by 100 thousands cycles. Then, both number and average crack width increased by 200 thousands cycles (2.94 million equivalent cycles). At 250 thousands cycles (23.06 million equivalent cycles), lattice-type cracks were clearly formed and the large crack width was observed.
Test results and visual inspection data
The crack location, orientation and their width on the surface will be used for data assimilation of remaining life assessment in this paper (see Chapter 4). This information is usually available as the first choice of real bridge management data by hand sketch and/or photographs, and most easily obtained at site. Furthermore, the crack information is effectively digitalized with which we may run some numerical methods more easily (Koyama et al. 2012) . As the crack information is obvious and self-evident as inspection data, it would be no need to explain further. Thus, in the following section, site inspection by AE tomography is explained in more detail.
Acoustic Emission (AE) tomography
AE tomography is a kind of computational tomography technology on the basis of elastic wave (Kobayashi et al. 2014; Shiotani et al. 2015) . This AE technology is not to
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Bottom reinfo rcement C. L. detect fracturing or damaging events at real time (Nor et al. 2014) but to sensor the structure of already damaged solids by applying the small impact from outside. In AE tomography analysis, 3D wave velocity structure is calculated as an output of 3D extent. As the wave velocity has to do with some damages of constituent concrete, the authors try to use this information for identification of the current damages and life assessment. Figure 7 shows the positon of AE sensors attached to the referential specimen (Chapter 2). In this study, 32 probes were used to measure the traveling time of ultrasound wave as shown in Fig. 7 . Receipt time of elastic wave depends on the traveling distance and its velocity. Then, the traveling velocity structure is calculated by the numerical back analysis from time lag dataset (Aggelis et al. 2009 ). To get sound sources from many locations, AE tomography, which was generated in the static loading test (Tanaka et al. 2017) , was utilized as a sound source. The location of AE source was also estimated from the inverse back analysis in this system. AE data were measured at 0, 100, 200 and 250 thousands cycles. Figure 8 shows the back analysis results of the 3D spatial velocity structure (Tanaka et al. 2017) . Initial velocity of non-damaged concrete was 4,200 m/s on average. A constant value was obtained everywhere before loading. At 100 thousands cycles, the velocity of the acoustic wave at each location was decayed by 10-20% of the initial one as shown in Fig. 9 . At 200 thousands cycles, the reduction rate reached about 30% at the right side of the slab in Fig. 8(b) . The volume of low velocity may coincide with the one of cumulative damages (Shah 1984; Petryna et al. 2002) . At 250 thousands cycles, the acoustic velocity was reduced significantly all over the specimen, and the reduction rate was 60-80% near the loading plate. The reduction of the velocity is logically rooted in the compressive damaging, cracking, its orientation and their combination. Then, we need to identify either of them or all for data assimilation as discussed in later section.
Data assimilation

Predictor-corrector iterative cycle
For estimating the inside states of concrete damages from limited inspection data, we try the total-strain based predictor-corrector procedure (Zienkiewicz et al. 2014; Ghaboussi et al. 2006; Riks 1984) , which has been employed to seek for highly nonlinear solution of equilibrium. In order to avoid the risk of shear and volumetric locking of finite elements, total enhanced strain is used for nonlinear solution (Kasper and Taylor 2000; Taylor et al. 1976 ). The constitutive model of cracked concrete is formulated with path-dependent parameters to represent the states of damages such as crack direction, plastic strains of solid concrete normal and parallel to crack, remaining stiffness of shear transfer along crack plane and thermodynamic states in micro-pores. If the past loading history and ambient conditions would be fully known with the initial material conditions as well, we could trace the mechanism from the beginning of construction to the present states, and could identify all internal state parameters. However, it is hard to have this idealized maintenance record. Some of state parameters can be identified by site inspection in practice, but it is so much limited in space. Then, the authors propose the following process. 1) Some of state parameters (e.g., crack direction and width, residual stiffness) are assumed based upon site inspection data and set up in each finite element by inputting these values into program memory spaces. 2) The rest of unknown parameters are set up as the referential values for virgin materials. 3) Boundary conditions are set up so that it fits the reality as much as possible. The load conditions are set up in accordance with the most probable values in the past. 4) After the preparation as above, total strains are assumed as a candidate of equilibrium solution (predictor) and corresponding stresses with varying state parameters are computed by constitutive modeling. Afterwards, we can compute the unbalanced forces within the scheme of finite element method. 5) The total strains are repeatedly modified according to the unbalanced forces till the equilibrium (corrector). Through this process, the progressive damage in each finite element is computed by using defined evolution laws.
In this process, handling of non-orthogonal multidirectional cracking plays a critical role for estimating the internal damages. As the inspection data is so limited, cracking must be incorrectly produced numerically during the process of searching the most probable field of cracking. But, cracking is the strong path-dependent event and recovery of crack damage never happen in reality. As a matter of fact, crack evolution law is one-way, too. If incorrectly introduced cracks would continue to mechanically play a substantial role in the following steps, data assimilation never be successful.
Then, the authors apply the non-orthogonal 6-directional cracking model (Fukuura and Maekawa 2009; Maekawa and Fukuura 2014) for the data assimilation process as mentioned. Owing to the presence of shear transfer along crack planes, single crack plane (active crack) may govern the nonlinearity of the element even though multi-directional intersection of other crack planes would be formed with smaller opening. In other words, even though the wrong crack would be incorrectly produced during the searching process to reach the most probable cracks, this incorrectly induced crack is mechanically forced to sleep when the following major crack with wider opening would be assumed. Under repeated predictor-corrector cycles, the solution is expected to converge to most probable damages which satisfy both the requirement of equilibrium, boundary conditions and the site inspection data.
Originally, the non-orthogonal multi-directional crack model has been developed for 3D dynamic analysis of RC under seismic actions, and the handling of intersecting crack planes has been verified by dynamic experiments. Figure 10 shows a transient process of searching internal cracking in large-scale RC with and without shear reinforcement. Here, let us suppose that cracking of the web sides cannot be seen, but just cracking on the bottom face is visible at inspection. When the diagonal crack takes place, a larger crack can be seen close to the supports. Here, let us artificially introduce cracking in the element placed at the surface as shown in Fig. 10 .
At this stage, internal cracking cannot be seen from outside by naked eyes. According to the process (1), let us assume vertical cracking as a candidate of internal damage, and other concrete volume is assumed to have no cracking as the process (2) stage, this internal damage states are so much far from the reality of experiment. But, when the load is increased, a diagonal crack band is newly created from the initially induced one, and the deformation of finite elements including incorrectly assumed cracks stop evolving. Finally, the realistic diagonal crack is formed and the initially induced crack gives rise to the trigger of the real damages. Here, the multi-directional cracking was generated inside the specific finite elements, and the diagonal crack was judged to be an active. If the constitutive model could allow single directional cracking alone, diagonal crack never be created as the second and third candidates of the internal damages.
Material models for data assimilation
It is natural to require the ability to simulate the nonlinear response under high repetition of loads. In this study, the authors use the MS model which has track record of application as shown in Fig. 11 (Maekawa et al. 2006) . As explained previously, the non-orthogonal multi-directional cracking model (at most 6-ways) is built in the MS scheme. The moisture transport is simultaneously simulated so that the drying and autogenous shrinkage, which has much to do with the fatigue life, can be taken into account (Gebreyouhannes et al. 2014; Gebreyouhannes and Maekawa 2011) .
The stiffness reduction is expressed in terms of the fracture parameters whose evolution laws are formulated in compression along cracking, tension normal to cracks and shear transfer along crack planes (Fig. 12) . In compression, the fracture parameter denoted by K c represents the capability to store the elastic strain energy along cracking, and the evolution law is formulated with respect to the elastic strain path and the time. Similarly in tension, the path-dependent parameter denoted by K t is defined normal to cracking and its evolution law is modeled as shown in Fig. 12 . For shear transfer along cracking, creep evolution of the shear deformation is not assumed but the cyclic accumulated damage denoted by X is considered for fatigue evolution.
The applicability of the model used for data assimilation to the fatigue evolution is confirmed as shown in Fig. 13 with fair agreement. In consideration of the reproducibility for fatigue tests, two levels of loads of 5% difference are checked and both cases bear reasonable prediction around the experimental results. The detail of the fatigue simulation is explained by references (Maekawa et al. 2006; Gebreyouhannes et al. 2008) .
Assimilation by pseudo-cracking method
First, the authors apply the pseudo-cracking method (Fujiyama et al. 2013) to use observed cracking converted to the strain field based upon FE mesh discretization as shown in Fig. 14 
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Modificat i on of accumulated path function by Gebreyouhannes et al. 2006 Fig . 12 Constitutive laws of cracked concrete for high cycle fatigue. (Maekawa et al. 2003) cracks is assumed to develop up to the flexural neutral axis linearly (in-plane hypothesis) as the first candidate of internal damages. Then, nodal degree of freedom of all nodes is numerically fixed and the inspected crack strain is set as a counter strain at each element. Then, cracking can be numerically reproduced in each finite element similar to the inspection data. Afterwards, nodal restraint is released so that the equilibrium conditions are satisfied with damages. Finally, the cyclic wheel-type moving load is computationally applied for searching the most probable internal damages, and the remaining life assessment is seamlessly conducted. This prototype of data assimilation was examined by using actually damaged bridge slabs, which was taken out from the real bridge and conveyed to the laboratory to test the remaining life as shown in Fig. 14 (Fujiyama et al. 2013) . The reduction of the structural stiffness was fairly estimated and the computed remaining fatigue life matches the one of reality. In this paper, more detail verification will be conducted with the fully monitored RC decks in Chapter 2 as follows.
Figures 15 and 16 show the evolution of center deflection with both logarithmic and linear scales, in which unloading deflection and 94 kN of loading one indicate the zig-zag curve. Here, an amplitude of zig-zag curve corresponds to the live load deflection, which is shown in Fig. 17 . The live-load deflection derived from Fig. 16 indicates the stiffness of the slabs according to the damage conditions. Data assimilation analysis with the initial cracking by the pseudo-cracking starts in the middle of lifetime and it should coincide with the referential analysis for practical purpose. Figure 15 shows the process to searching the internal damage and deformation by predictor-corrector cycle from the crack information at the stages of 2.94 and 23.06 million equivalent cycles as shown in Fig. 6 . At the beginning of data assimilation process, all cracks are assumed to be flexural and no plasticity of concrete nor shear cracking is assumed far from the reality (mark ① in Fig. 15) . Then, the deflection is much smaller than the referential solution, which is close to the real experiment as the target of data assimilation. After repeated predictor-corrector process, the deflection (mark ②) is approaching to the target and finally, the estimated solution by data assimilation process merged to the target (marks ③ and ❸ in Fig. 15 ). After this point, the referential and assimilated S-L curves almost coincide with each other. It means that the remaining life can be estimated well. Figure 15 shows the converging process in view of the internal principal strain fields associated with damages of concrete. At the beginning stage indicated by mark ①, the strain on the surface of concrete is much less than the reality as denoted by ❸. But, the strain on both sides of slab surfaces is gradually advanced (mark ②) and finally, the strain localized area is created similar to the referential cases. Figure 17 shows the live-load deflection and the process of seeking the most feasible and possible solution from the crack inspection data.
All of the total and live load deflections, and internal strain profiles successfully converge to the referential targets which have been verified to be close to the reality in advance. In general, data assimilation of many fields of study is first to estimate and/or interpolate the "current" physics-mechanical parameters in target domain (Koshimura 2016 ). Afterwards, "future" dynamics of target's events are simulated based upon the estimated parameters. But, the data assimilation proposed in this study can execute both "current" identification and "future" prediction simultaneously, because the predictor-corrector procedure is also used for searching nonlinear solution of structural dynamics (Maekawa et al. 2003) . Figure 18 shows the sensitivity analysis with regard to crack orientation on the accuracy of data assimilation. In pseudo cracking method, observed cracking is converted to strain field by Eq. (2).
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Compared to the referential target, the computed remaining life is underestimated from the crack inspection data at 0.10 million cycle, but on the contrary, it results in overestimate of life if the estimation is made based upon the crack data at 2.94 million equivalent cycle of the experiment. Thus, the crack direction is indispensable information of practical importance.
In order to check the sensitivity of crack width, the equally magnified crack width is used for pseudo-cracking estimate while the location of each crack and its orientation are kept unchanged as shown in Fig. 19 . As to the limit state of fatigue failure in numerical analysis, 3.0 mm in live load deflection is selected according to ex- perimental fact (Fig. 5) . As a general trend, the larger crack width brings about reduction of the remaining life linearly. Roughly speaking, even if the crack width is incorrectly entered as much as twice, the predicted life would be influenced by just 2~3 times difference of the life assessment. In considering the reproducibility of the fatigue life, this sensitivity can be practically small. It can be concluded that as a whole, the cracking pattern and the relation of magnitude on crack width are of importance for life assessment rather than the individual magnitude of crack width.
Assimilation with AET
As the first candidate of data assimilation, the authors try to solely set up the un-cracked concrete fracture parameter (Maekawa et al. 2003 ) from the inspected acoustic velocity by AE tomography. Of course, this setting of the internal damage is fictitious and does not represent the real damage, because the wave velocity must be also affected by cracking and others. Here, the internal nonvisible cracking is expected to be step-by-step generated by conducting the predictor-corrector cycles of the data assimilation starting from the initial setting of the fictitious damage as follows.
where E 0 is initial compressive stiffness of concrete, K c is fracture parameter and v is elastic wave velocity. In elastic continuum, the velocity of elastic wave has correlation with its elasticity and density of traveling media as,
where E is elastic modulus, ρ is density and μ is Poisson's ratio. Thus, we have,
Equations (5) and (6) are derived from wave transfer dynamic equation of elasto-isotropic continuum solid. Elasticity and the wave velocity are reduced when the density gets smaller. On the other hand, elasticity and its wave velocity may decrease due to occurrence of cracks in the case of concrete. Because the mechanism of the stiffness reduction is different, Eq. (6) is not necessarily applied to concrete. Then, we searched suitable function to connect the AE tomography based velocity denoted by v and the compressive stiffness E 0 K c from sensitivity analysis.
We may capture the location of some cracks where elastic wave velocity will be lower. But the directions of cracks are not explicitly estimated, because isotropy of damages is assumed in the back analysis of AE tomography. But, cracks are fairly reproduced in the appropriate locations and directions automatically just after the moving loading. Non-uniformly forced initial damage creates the most stabilized solution with regard to the fracture parameter K c in the MS modeling (Maekawa et al. 2003) . This point is focused on in later section.
Figures 20-22 show the evolution of span-center deflection estimated by MS analysis based predictor-correction cycles based on AE tomography data as follows. Square, linear or square root function (Eq. (7)- (9)) is assumed to connect velocity with the fictitious initial fracture parameter of constituent concrete as,
where v 0 is the initial acoustic velocity. In MSA-AE assimilation, both maximum and residual deflections are small at the initial stage because the analysis starts from non-cracked condition. The maximum and residual deflections increase in accordance with cyclic numbers accompanying the propagation of fatigue cracks and the cyclic fracture. In case of the square function, data assimilation analysis tends to overestimate deflection at higher cycles than the referential one. On the other hand, in case of the square root function, deflection curves are consistently converging to the experiment and the reference. Assimilation analysis predicts the same remaining life Fig. 19 Sensitivity of crack width on the remaining fatigue life assessment. whenever to start. Thus, the square root function is suitable to transfer inspected data of the AE velocity v to the set-up fracture parameter K c . Figure 23 shows the transient states of data assimilation approaching to the referential target from the initial input as shown in Fig. 8 . As the first predictor has no crack but just reduced stiffness, corresponding deflection of the slab is much smaller compared to the case of pseudo-cracking (Fig. 15) . During the cyclic loading, cracking is likely to be generated according to the non-uniform profile of stiffness reduction identified by AE tomography. Not only cracks on the bottom face of the slab, but also the compressive fracture on the top face evolve under the cyclic loads. Once cracks develop adequately, the realistic strain field is fairly assimilated and coinciding with the referential target. Finally, the transient state (mark ③) of predictor-corrector cycle can come close to the target deflection as well as the internal total strain structure (mark ❸). Thus, it is concluded that the conversion protocol of AE tomography data works as well as the pseudo-cracking protocol of visual crack inspection.
The numerical simulation as discussed above may also provide S-N diagram in practice as shown in Fig. 24 . Limit state of fatigue failure is assumed as 3.0 mm in live load deflection as stated previously. By taking actual wheel loads and traffics on bridge decks into consideration, the remaining life is quantitatively assessed through data assimilation. The periodical data assimilation may provide more accurate life prediction to compensate unavoidable errors and scatters in both AE measurement and the simulation technology. Figure 25 shows the remaining life estimated from the regression of several data assimilation results. Remaining life at 250 kiro cycles (23.06 million equivalent cycles) is thought to be short (17-40 million cycles) in any load case, while the Fig. 23 Center deflection at 0-94kN of loading (square root set-up of AE tomography data).
actual remaining life was 15 million equivalent cycles in the experiment. Anyhow, the AE data assimilation can be possibly used by knowing the range of accuracy and applicability. In order to make clear the requirement on precision of wave velocity measurement by AE, the uniform variation of the wave velocity is introduced based upon the inspected values and corresponding output is summarized as shown in Fig. 26 . Limit state of fatigue failure is assumed as 3.0 mm in live load deflection as stated previously. As the plus variation means less damages, the estimated remaining lifetime is insensitively obtained. The minus variation of the wave velocity inspected leads to the reduced lifetime to failure, and 40% error is equivalent to about two times error of the remaining life. In case of the random variation as shown in Fig. 27 , the estimated remaining life is computed irregularly with resultant error of about 50%. In considering the reproducibility of fatigue failure in practice, 30-40% deviation from the average is acceptable on the basis of data assimilation proposed.
As stated in the previous chapter, the predictor-corrector cycle attempts plenty of possible crack orientation to reach the most plausible estimate of inside damaging. To meet the challenge, the authors apply for the multi-directional intersecting crack plane modeling which can handle 6-directions as a maximum (Maekawa and Fukuura 2014) . In order to check the feasibility, the authors examine a fewer crack planes for data assimilation as shown in Fig. 28 . It is known that most of RC nonlinear behaviors of 3D extent can be fairly simulated in use of 3-way non-orthogonal cracking model for initially non-damaged structures.
However, 3-ways modeling is not enough to search the most feasible internal damages, and the remaining life cannot be estimated as shown in Fig. 28 , where the predictor-corrector process of 3-ways model keeps higher stiffness with less damages unlike the reality. It means that the assimilation process is forced to search the solution within a narrow choice. To meet the challenge of data assimilation, the handling of mutual cracking planes of at most 6-ways is indispensable. This is the primary difference of data assimilation to tackle with existing targets from the nonlinear analysis to deal with newly constructed structures. The rotating crack model, which assumes the co-axial direction of principal stresses and strains, is also useful for nonlinear analysis of initially non-damaged structures. But, the co-axiality brings about quick crush of computation, because the past cracking history is always removed.
In this paper, two inspection methods are focused on and their protocols of data transform from site to the numerical method has been investigated. The authors expect that the protocol will be possibly made according to each specific method of inspection such as the impact echo method (Gucunski et al. 2009 ) and X-ray. For practical application to assess remaining life of decks, Fig. 28 Requirement of non-orthogonal multi-directional cracking model for data assimilation. boundary conditions of the deck slabs also have to be correctly reproduced in the process of data assimilation.
In order to enhance the accuracy for unknown issues such as confinement conditions along the peripheral edges of bridge slabs by which the life assessment is highly affected (Shahrooz et al. 1994) , the periodical inspection data is valuable. We may estimate the damage as discussed above, and compare the future events with the next inspection data. If the discrepancy would be found, some unknown issues such as boundary conditions may be made clear like the observational way. This is quite similar to predictor-corrector cycles. The life assessment discussed in this paper is expected to be involved in life cycle cost assessment (Kendall et al. 2008; Biondini et al. 2006) .
Conclusions
The remaining fatigue life assessment of RC bridge deck slabs loaded by traveling wheel loads was conducted with data assimilation analysis, and we have the following conclusions. 1) Data assimilation method to combine the visual crack inspection data at site and the multi-scale modeling was developed for remaining fatigue lifetime to failure, and its applicability was experimentally verified with moving load slab experiments. 2) Here, the numerical predictor-corrector method is used as a search-engine of most plausible solution of internal damages for existing slabs, where the visible cracks are set forth be flexural ones as a start-up of data assimilation. 3) Data assimilation method based upon acoustic emission tomography was developed as well as the visual crack inspection and its feasibility was also experimentally verified. 4) Here, the predictor-corrector method is also applied to reach the most probable states of damage including the internal cracking. As the first set-up for the subsequent predictor-corrector cycles, the elastic wave velocity field is converted to the fictitious isotropic stiffness, based on which the most possible cracking is searched. 5) For successful convergence to the real internal damages of target structures, 6-ways non-orthogonal multi-directional cracking model is found to be critical importance. The feasible model of 3-ways crack planes' intersection for initially non-damaged structures does not work well for already damaged structural concrete. 6) The sensitivity analyses on the variation of the site inspection data make clear the necessary and sufficient level of accuracy of inspection methods.
